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Filamentous fungi, such as species from the genera Aspergillus and Trichoderma, are extraordinary in their capability of secreting large amounts of proteins, metabolites, and organic acids into the growth medium. This property has been widely exploited by the food and beverage industries where compounds secreted by filamentous fungi have been used for decades. This long tradition of utilization has led to the conferment of the generally regarded as safe (GRAS) status to several of these species, which makes filamentous fungi attractive hosts for the synthesis of (new) products for human use. Since genetransfer systems are available for these organisms, the possibility has arisen to use them as biological factories for the production of proteins of nonfungal origin. However, whereas large amounts of homologous proteins can be obtained in the industrial fermentation of production strains, production yields obtained with heterologous proteins are often rather low (Gouka et al., 1997; Radzio and Kü ck, 1997) .
The commercial use of the fungal secretory machinery and the limitations encountered in the production of heterologous proteins has stimulated research into the genetics of protein secretion in filamentous fungi. Although much progress has been made in this field in the past two decades, our knowledge of the fungal secretory pathway is still limited. Nevertheless, it is generally accepted that the secretion pathway in fungi does not differ greatly from those in yeast and higher eukaryotes, for which a more complete picture is available. Evidently, there are also significant differences. Particularly, the mycelial growth phenotype of filamentous fungi, which results from polar extension at the hyphal tips, is not found in either Saccha-romyces cerevisiae or in higher eukaryotes. Furthermore, the capacity for protein secretion in filamentous fungi is much higher than that in yeast. Whereas yields up to 30 g/L of extracellular protein can be obtained in the fermentation of certain Aspergillus and Trichoderma strains (Durand et al., 1988; Finkelstein et al., 1989) , only a few yeast species (Pichia, Hansenula) reach the gram-per-liter production level (Werten et al., 1999; Wyss et al., 1999) .
In this paper, we review the present knowledge on the fungal secretion pathway, with special attention to those aspects relevant for the biotechnological application of these organisms. The models that have been developed for the yeast secretion pathway will be taken as a reference to assist in the discussion on data that have been obtained for filamentous fungal species. In specific cases, data available from mammalian systems also will be included in the discussion. However, a detailed review on either the yeast or the mammalian secretion pathway is beyond the scope of this paper and can be found elsewhere (Lazar et al., 1997; Sakaguchi, 1997; Zapun et al., 1999; Benham and Braakman, 2000) .
THE SECRETORY PATHWAY Overview
A schematic view of the fungal secretory pathway is given in Fig. 1 . Secretory proteins begin their journey to the extracellular medium by entering the endoplasmic reticulum (ER). In the ER proteins are folded and can undergo distinct modifications such as glycosylation, disulfide bridge formation, phosphorylation, and subunit assembly. Subsequently, proteins leave the ER packed in transport vesicles and head to the Golgi compartment, where additional modifications can take place such as further glycosylation and peptide processing. Finally, again packed in secretory vesicles, proteins are directed to the plasma membrane from where they are secreted. In some cases, the proteins will not reach the extracellular space, but are targeted to intracellular compartments such as the vacuole, either to become resident proteins or to undergo proteolytic degradation.
Although there has been some controversy, most studies indicate that protein secretion occurs at the apical or subapical hyphal regions (reviewed by Archer and Peberdy, 1997) . Recent work has reinforced this hypothesis (Gordon et al., 2000a,b; Lee et al., 1998) . Using the novel glucoamylase::green fluorescent fusion protein (GLA::GFP) as secretion reporter to study protein secretion in Aspergillus niger, Gordon et al. (2000a,b) observed that GFP fluorescence was predominant at the hyphal apices and showed that this approach is a promising tool for further research in this field, as it allows in vivo monitoring of protein secretion.
The apical localization of protein secretion has led to the suggestion of employing morphological mutants displaying an increased apical surface, i.e., hyperbranching mutants, as "supersecretion" strains (Lee et al., 1998) . Moreover, hyperbranching strains often grow as compact pellets, which results in low-viscosity cultures and has additional technical advantages in the fermentation process. However, data on the actual secretion efficiency of these mutants are not yet conclusive. Although an increased production of glucoamylase was measured for A. oryzae hyperbranching mutants when grown in stirred batch cultures, this was not the case when other culturing techniques were employed, and no correlation was found between tip density and protein secretion (Bocking et al., 1999) . On the other hand, a UV mutagenesis approach to obtain Trichoderma viride mutants with an increased production of extracellular cellulase in some cases resulted in the recovery of overproducing strains which had a concomitant hyperbranching phenotype (Farkas et al., 1981) . Furthermore, a Neurospora crassa cAMP-dependent protein kinase conditional mutant defective in growth polarity and displaying an enlarged growth surface area (Bruno et al., 1996) was shown to secrete more protein than the wild-type strain when grown at the restrictive temperature (Lee et al., 1998) . However, disruption of the gene function of myoA, encoding a myosin I in Aspergillus nidulans, which also alters polarized growth, had a negative effect on the secretion levels of acid phosphatase (McGoldrick et al., 1995) . As different, often pleiotropic, mutations can alter hyphal morphology (e.g., Kruger and Fischer, 1998; Momany et al., 1999 ; Reynaga-Peñ a and Bartnicki-Garcia, 1997; Seiler Sone and Griffiths, 1999; Wendland and Philippsen, 2000) , an unequivocal correlation between hyperbranching and secretion seems unlikely. This shows that further research is needed to establish the applicability of hyperbranching strains for production purposes.
In the following sections we will address the different steps of the fungal and yeast secretion pathway and discuss how the acquired knowledge has been used in attempts to improve protein secretion. Finally, we will present future prospects and indicate topics for further research.
Targeting to the ER
Two routes have been described in S. cerevisiae for protein targeting to the ER membrane: the signal recognition particle (SRP)-dependent pathway, in which translocation through the ER membrane occurs cotranslationally, and the SRP-independent pathway, which targets proteins to the ER posttranslationally, involving the ER chaperone BiP (Fig. 2) . Ng et al. (1996) demonstrated that the hydrophobicity of the signal sequence determines the targeting route of each protein: proteins with a less hydrophobic signal sequence are targeted through the SRP-independent route, whereas both routes can be followed when a more hydrophobic signal is present. Although both targeting routes may be universal, the specificity of the system and the proteins that follow either route may not be interchangeable among organisms, which could be of importance in studies on heterologous gene expression. Whether these two ER targeting mechanisms also operate in filamentous fungi remains to be determined. However, the identification in A. niger of a homologue of the S. cerevisiae signal recognition particle protein SRP54 (Thompson et al., 1995) and of KAR2/BiP homologues in numerous fungal species (see below) suggests that both routes are also present in fungi.
Protein Maturation in the ER
The translocation mechanism described above implies that secretory proteins enter the ER in an extended conformation. However, proteins have to fold and mature into their native forms to be functional and this process is (Sakaguchi, 1997 and references therein) . (A) SRP-dependent pathway: the signal sequence of the nascent polypeptide in a free ribosome is recognized by the signal recognition particle. Upon binding of the SRP to the signal sequence, translation is arrested and the nascent peptide-ribosome-SRP complex is targeted to the ER membrane where association with the SRP receptor occurs. The SRP is then released and the nascent polypeptide enters the ER through the Sec61p translocon complex. (B) SRP-independent pathway: by interaction with the cytosolic Hsp70 chaperone and cochaperones, the nascent protein is maintained in an unfolded conformation. This complex is targeted to the ER membrane where it interacts with the Sec62p-Sec72p-Sec73p subcomplex, which functions as a membrane receptor. The lumenal ER chaperone BiP, interacting with membrane protein Sec63p, assists the translocation of the polypeptide chain, which occurs, as in the SRP-dependent pathway, through the Sec61p channel.
assisted in vivo by helper proteins named chaperones and foldases (Table 1) . Foldases catalyze slow, often ratelimiting, covalent changes, such as disulfide bond formation and proline isomerization, which are essential for obtaining a functional conformation. Molecular chaperones are not regarded as catalysts but as assisting proteins that transiently and noncovalently bind to nonnative proteins to prevent nonproductive protein-protein interactions and thus promote correct folding. Chaperones and foldases are ubiquitous: members of this class of proteins are not only present in the ER but also in the cytosol, mitochondria, chloroplasts, and periplasm and are conserved between organisms .
Binding Protein (BiP). BiP (also known as the glucose-regulated protein GRP78) is a member of the heat shock 70 protein family (HSP70) of molecular chaperones which is localized in the lumen of the ER (Bole et al., 1986; Munro and Pelham, 1986) . In yeast, the protein is encoded by the essential gene KAR2 (Nicholson et al., 1990; Normington et al., 1989; Rose et al., 1989) . KAR2 homologues have also been cloned from a number of filamentous fungi (Hijarrubia et al., 1997; Kasuya et al., 1999; Techel et al., 1998; van Gemeren et al., 1997) . The A. awamori gene showed complementation of a yeast ts KAR2 mutation (Sagt, 2000) , indicating functional similarities between the fungal homologues and the KAR2. Other shared features of the fungal and yeast BiP proteins are the presence of a signal peptide and the carboxyl-terminal ER retention signal K/HDEL, corresponding to its ER localization. BiP appears to be involved in a number of processes related to protein biogenesis (Haas, 1994 and references therein) . BiP participates in ER-translocation of nascent polypeptides, in protein folding, and assembly in the ER, and in the degradation of proteins that do not reach their mature conformations. For further details on the BiP mode of action and regulation we refer to an excellent review in this field (Pedrazzini and Vitale, 1996) .
In filamentous fungi, as in other organisms, the BiPencoding gene has a basal expression level under normal growth conditions and is overexpressed in situations of cellular stress such as glucose starvation, heat shock, and conditions typical of the unfolded protein response (UPR; see below) (Mori et al., 1992; Ngiam et al., 2000; Techel et al., 1998; van Gemeren et al., 1997) . Enhanced bipA mRNA levels have been observed in various yeast and Aspergillus strains expressing recombinant extracellular proteins Sagt et al., 1998) . However, the correlation between BiP induction and secretion efficiency remains unclear. Overproduction of fungal proteins increased bipA mRNA levels in A. niger . Moreover, inefficient secretion of single-chain antibodies in A. awamori coincided with an increased BiP production (Frenken et al., 1998) , and similarly, a two-fold induction in bipA mRNA levels was measured in two A. niger strains producing the hen egg white lysozyme (Ngiam et al., 2000) . However, BiP levels remained unchanged when another nonfungal protein, interleukin-6, was produced in A. niger . Although no clear relationship between BiP induction and a particular characteristic of the overproduced protein can be deduced from these data, they do suggest that protein overproduction may lead to increased levels of unfolded proteins and thus result in bipA overexpression. Recently, Cer1p/Ssi1p/Lhs1p, a novel ER-located member of the Hsp70 family has been identified in S. cerevisiae (Baxter et al., 1996; Craven et al., 1996; Hamilton and Flynn, 1996) . This protein may have overlapping functions with BiP and be involved in protein biogenesis at low temperatures. Cer1p homologues have not been reported for filamentous fungi.
Protein Disulfide Isomerase (PDI). Protein disulfide isomerase is a protein thiol-oxidoreductase that catalyzes the oxidation, reduction, and isomerization of protein disulfides bonds (Noiva, 1999) . PDI is a member of the thioredoxin family. Thioredoxin is a ubiquitous protein involved in a variety of redox reactions via its active site consisting of two Cys residues in the sequence Cys-GlyPro-Cys (Holmgren, 1985 (Holmgren, , 1989 . The typical structure of PDI consists of five domains (Ferrari and Soling, 1999) : two domains (a and aЈ) have a high sequence similarity to thioredoxin and contain double-cysteine redox-active sites. Domains b and bЈ show no sequence similarity to thioredoxin or the a domains but conserve the thioredoxin fold. The fifth (c) domain is not thioredoxin related and contains a typical C-terminal XDEL ER retention signal and putative Ca 2ϩ binding sites. In addition to PDI, PDIrelated proteins with different domain organizations also are found in the ER of many eukaryotes.
PDI is the catalyst of disulfide bond formation and isomerization during protein maturation in the ER and displays typical chaperone-like functions (Ferrari and Soling, 1999; Gilbert, 1997; Wang, 1998) . The disulfide bond formation and isomerization activities of PDI are due to the reactivity of the N-terminal Cys residue in the two thioredoxin-like boxes (Ferrari and Soling, 1999) . The chaperone activity of PDI is independent of the cysteine residues and may reside on the peptide-binding capacity of a 51-amino acid C-terminal stretch (Dai and Wang, 1997; Noiva et al., 1993) . However, more recent experiments have demonstrated a core role of the bЈ domain in peptide binding and the importance of all domains for the full-binding capacity of PDI (Klappa et al., 2000 (Klappa et al., , 1998 Sun et al., 2000) . Furthermore, PDI has been shown to bind and promote folding of proteins where disulfide bonds are absent (Klappa et al., 1998; Wang, 1998) . PDI null mutations are lethal in S. cerevisiae (Farquhar et al., 1991) . The essential function of the protein in this organism was shown to be derived from its isomerase activity, rather than from its redox properties (Laboissiere et al., 1995) .
In filamentous fungi, genes encoding PDI have been cloned from A. niger (Malpricht et al., 1996; Ngiam et al., 1997) , A. oryzae (Hjort, 1995; Lee et al., 1996) , Trichoderma reesei (Saloheimo et al., 1999) , and Humicola insolens (Kajino et al., 1994) . In A. niger, two other PDIrelated genes, tigA and prpA , have also been cloned and characterized. The tigA and pdiA genes of A. niger were found to be moderately upregulated by tunicamycin treatment and by overexpression of heterologous proteins Ngiam et al., 1997 Ngiam et al., , 2000 . Dithiothreitol treatment caused a stronger (8-to 10-fold) induction, although this was still lower and delayed compared to bipA induction (Ngiam et al., 2000) . These results may indicate that the tigA and pdiA genes in A. niger are not part of the primary stress response. Similar patterns of gene induction were found for the pdiA gene of T. reesei (Saloheimo et al., 1999) . However, whereas no UPR box could be identified in the promoter region of the tigA and pdiA genes of A. niger , two such elements were present in the promoter region of the T. reesei pdiA gene (Saloheimo et al., 1999) . Noticeable differences in the T. reesei pdiA expression levels were also observed under cellulosesupported growth (high level of protein secretion) compared to glucose-supported growth (low level of protein secretion) (Saloheimo et al., 1999) . The authors suggested a mechanism of pdi regulation in response to variations in ER protein trafficking.
Peptidyl prolyl isomerase (PPIase). Peptidyl prolyl isomerase catalyzes the isomerization of cis and trans peptide bonds on the N-terminal side of proline residues (reviewed by Gothel and Marahiel, 1999) . They were discovered by their ability to bind to immunosuppressive drugs, and this property has remained a criterion for their classification. There are two major families of PPIases: the cyclophilins, which bind to cyclosporin A, and the FKbinding proteins (FKBPs), which bind to the FK506 compound. PPIases are ubiquitous proteins and are found in a wide variety of cellular compartments. They have been shown to accelerate protein folding in vitro (Freskgard et al., 1992; Kops et al., 1998) and to interact with other folding enzymes and chaperones (Schonbrunner and Schmid, 1992) . However, their role in protein folding in vivo has not yet been elucidated, though gene deletion studies have shown that they are dispensable proteins (Dolinski et al., 1997; Gothel and Marahiel, 1999) .
In yeast, eight cyclophilins and four FKBPs have been identified. Three cyclophilins and one FKBP are presumably localized in the secretory pathway, as these proteins possess an N-terminal signal sequence and an ER retention signal. Furthermore, the expression of the corresponding genes is affected by factors known to regulate the expression of ER-resident proteins, such as heat shock and tunicamycin treatment (Gothel and Marahiel, 1999) . The two classes of PPIases also are found in filamentous fungi. An FKBP has been identified in the ER of N. crassa (Solscheid and Tropschug, 2000) and homologues of the cyclophilin gene cypB have been cloned from A. nidulans (Joseph et al., 1999) and A. niger (Derkx, 2000) . Similar to the yeast gene, the fungal cypBs are both nonessential and their expression is activated by heat-shock treatment (Joseph et al., 1999) and heterologous protein expression (Derkx, 2000) .
Calnexin. Calnexin and calreticulin (the soluble homologue of calnexin, present in mammalian cells but not in yeast) are lectin-like chaperones. They specifically interact with partially trimmed monoglucosylated N-linked oligosaccharides and are an essential part of the maturation and quality control mechanism of glycoproteins. This mechanism, as described in Fig. 3 , has been well established in the mammalian cell and is assumed to also operate in the fission yeast Schizosaccharomyces pombe (Jakob and Burda, 1999; Parodi, 1999) . In the mammalian system, a thioredoxin family member with isomerase activity, Erp57, has also been shown to complex with calnexin (and calreticulin) to assist protein folding (High et al., 2000) . However, neither the UDP-Glc:glycoprotein glucosyltransferase activity nor the Erp57 homologues are found in S. cerevisiae (Jakob et al., 1998) . Furthermore, contrary to what is observed in S. pombe, disruption of the calnexin homologous gene (cnel) in S. cerevisiae is not lethal (Parlati et al., 1995) . This suggests that a different pathway of glycoprotein maturation occurs in the latter. The calnexin homologue has been cloned from A. niger (D. J. Jeenes et al., personal communication) , and database mining also resulted in the identification of calnexin homologues in N. crassa (Nelson et al., 1997) , A. nidulans (http://www.genome.ou.edu/fsporo.html; Roe et al., 2000) , and Fusarium sporotrichioides (http://www.genome. ou.edu/fsporo.html; Roe et al., 1999) . Also UDP-Glc:glycoprotein glucosyltransferase and Erp57 homologues can be found in these public fungal databases. Although little experimental data on the function of the fungal genes is available, the protein sequences are most similar to those of S. pombe, which suggests that the fungal calnexin cycle follows the S. pombe/mammalian model.
The Complexity of Chaperone Interaction. The process of protein folding must not be conceived as the sole sum of the folding activities of chaperones and foldases but as a complex network of interactions which is dependent on the characteristics of the folding proteins, the environment in the ER, and the availability of specific cofactors. Chaperones may cobind or act sequentially in protein folding. For example, Jannatipour et al. (1998) reported the cointeraction of calnexin and BiP in the folding of acid phosphatase in S. pombe. Also a cooperative action of BIP and PDI in protein folding (Gillece et al., 1999; Mayer et al., 2000) and the direct interaction of PDI with calreticulin has been suggested (Baksh et al., 1995) . Interestingly, Corbett et al. (1999) showed that the interaction between PDI and calreticulin was dependent on the concentration of Ca 2ϩ ions, suggesting that the
FIG. 3.
Calnexin cycle. N-glycans (Glc 3 Man 9 GlcNac 2 ) are added to the side chain of asparagine residues in the consensus sequence N-X-S/T of translocating polypeptides by the oligosaccharyltransferase associated with the ER translocon. Removal of the glucose groups requires the sequential action of the glucosidase I (GI), which removes the terminal ␣1-2-linked glucose, and glucosidase II (GII), which eliminates the remaining ␣1-3-linked glucose in two successive reactions. Glycoproteins containing high-mannose-type oligosaccharides are transiently reglucosylated in the ER by the action of the lumenal UDP-Glc:glycoprotein glucosyltransferase (GT) to generate monoglucosylated structures. Monoglucosylated polypeptides that arise from the stepwise removal of glucoses and GT reglucosylation are recognized by and bind to calnexin, allowing the chaperone to provide folding assistance. Upon GII action, the last glucose is trimmed off and glycoproteins are released from calnexin. Correctly and completely folded proteins will continue their journey to the Golgi, whereas incompletely folded proteins are specifically recognized by GT and reglucosylated to regenerate the monoglucosylated glycoprotein. This monoglucosylated glycoprotein will bind to calnexin and start a new cycle of folding and deglucosylation [reviewed by (Helenius et al., 1997) ].
levels of Ca 2ϩ in the ER participate in the regulation of the protein-protein interactions in this compartment. In other cases, the sequential action of chaperones is observed (Hammond and Helenius, 1994; Melinck et al., 1994) . Recently, Helenius and coworkers have shown that the sequence of chaperone binding depends on the position of N-glycosylation in the nascent protein. Proteins with Nterminal N-glycosylation bind first to calnexin/calreticulin and eventually later to BiP, whereas proteins having their glycans more COOH-terminally associate first with BiP (Molinari and Helenius, 2000) . Finally, other more protein-specific factors may influence the specificity of chaperone binding. For example, Nausseef et al. (1998) observed the participation of both calreticulin and calnexin in myeloperoxidase biogenesis, but the association of calnexin only with the holoforms of this hemoprotein, which also suggests a specific role of this lectin at the stage of heme insertion.
Although most of these studies on chaperone interactions focus on the mammalian secretion pathway, they illustrate the complexity of the interactions that take place in the lumen of the ER and may also govern protein folding in fungal species. This complex behavior may be of relevance in the design of approaches to improve the use of these organisms as protein producers (see also below).
ER Quality Control
The ER ensures that correctly folded proteins are delivered to subsequent cellular compartments. This protein quality function implies the participation of two major cellular mechanisms: the unfolded protein response (UPR), which detects the presence of unfolded proteins in the ER and induces the synthesis of folding enzymes, and the ER-associated protein degradation (ERAD), which degrades those proteins that fail to reach the correct conformation.
In S. cerevisiae, UPR intracellular signaling involves the action of the translation products of three genes, HAC1, IRE1 and RLG1 (Chapman et al., 1998) . In this model, the gene product of IRE1 responds to the accumulation of misfolded proteins in the ER and, together with RLG1p, mediates the processing of the HAC1 transcript. The hac1p, a bZIP transcription factor, travels to the nucleus and binds to the unfolded protein response element (UPRE) present in the promoter region of genes controlled by the UPR, thereby inducing transcription. The UPR is induced by a variety of factors that alter the function of the ER, such as arrest of glycosylation by treatment with tunicamycin, inhibition of disulfide bridge formation by treatment with reducing agents, Ca 2ϩ depletion in the ER, inhibition of protein degradation, expression of aberrant proteins, and overexpression of normal proteins (Chapman et al., 1998) . Recently, it has been shown that UPR not only regulates ER-resident chaperones, but many other genes involved in secretion, and particularly those of the ERAD, which indicates that these two processes cooperate in maintaining the folding competence of the secretory pathway (Travers et al., 2000) .
The ERAD system eliminates misfolded proteins via degradation in the cytosol. Defective proteins are spotted in the ER, possibly by resident chaperones such as calnexin and BiP, retrotranslocated to the cytosol through the Sec61p translocon complex, and targeted to the 26S proteasome by ubiquitin-conjugating enzymes for proteolytic degradation (Brodsky and McCracken, 1999; Sommer and Wold, 1997) . To date, the only component of the ubiquitin-proteasome machinery that has been characterized in filamentous fungi is the prs12 gene of T. reesei, which is homologous to the mouse regulatory subunit 12 of the 26S proteasome (Goller et al., 1998) . Proteasome subunits homologues can also be found in the N. crassa and A. nidulans sequence databases (http://www.genome.ou.edu/ fungal. html). The prs12 gene was shown to be moderately upregulated by treatments which cause cellular stress and accumulation of unfolded proteins in the ER (Goller et al., 1998) , indicating a coordinated regulation of the UPR and ERAD systems, as suggested by Travers and coworkers (2000) .
Post-ER Routing
In the eukaryotic secretion pathway, correctly folded proteins exit the ER to be targeted to the Golgi apparatus. Although the classical dictyosome organization of the Golgi compartment is not commonly seen in filamentous fungi (Markam, 1994) , functions typically Golgi-associated are present in the fungal cell, and the term Golgi-like structure is normally used. A Golgi-located peptidase (Kex2p) activity is found in filamentous fungi, and recently the gene of the A. niger homologue (KEXB) has been cloned (Jalving et al., 2000 ; P. J. Punt et al., unpublished) . Furthermore, N-and O-glycosylation, modifications that develop in the Golgi compartment, are almost invariably present in fungal extracellular proteins. Oligomannose Nand O-glycans are predominant in filamentous fungi, whereas in S. cerevisiae hyperglycosylation often occurs (Archer and Peberdy, 1997) . The presence of glucose, galactose, phosphate, sulfate, and simple N-acetylglucosamine on the linked glycans has also been reported (Maras et al., 1999b and references therein) . Other more complex glycan structures typical of mammalian glycoproteins are not found in fungal proteins, presumably because filamentous fungi lack some of the glycosyltransferase activities present in higher eukaryotes. This difference between the fungal and the mammalian glycosylation machinery limits the applicability of the fungal cell for the synthesis of mammalian proteins when correct glycosylation is essential for activity and/or utilization. Studies have been initiated to engineer the fungal glycosylation pathway to create strains that synthesize glycoproteins with the mammalian-like glycosylation patterns. The approaches used included the introduction of the genes encoding the missing glycosyltransferases into the fungal hosts. The cDNA-encoding mammalian N-acetylglucosaminyltransferase I (GlcNAc-T1) has been successfully expressed in A. nidulans (Kalsner et al., 1995) and T. reesei (Maras et al., 1999a) , although the in vivo transfer of GlcNAc residues to fungal glycans could be demonstrated only in the latter case. Further methodologies, such as disruption of typical fungal glycan structures or provision of the required substrates for the engineered mammalian glycosyltransferases, may be required to model the fungal glycosylation to the mammalian type (Maras et al., 1999b) .
After passage through the Golgi compartment, proteins are targeted either to the plasma membrane for secretion or to the vacuole. Two different vacuolar routes operate in yeast: the carboxypeptidase Y (CPY) route, which travels through an intermediary organelle, the prevacuolar compartment (PVC), and the direct route, as followed by alkaline phosphatase (ALP) (Bryant and Stevens, 1998; Conibear and Stevens, 1998) . Sorting signals have been identified which confer vacuolar targeting in both routes (Piper et al., 1997; Valls et al., 1987) . The extent to which vacuolar targeting routes and signals coincide in yeast and filamentous fungi needs to be established, although the available data, once more, indicate similarities. Homologues of vacuolar sorting proteins operating in the two pathways can be found in the A. nidulans and F. sporotrichioides sequence databases (e.g., vps1, vps45, vps29, vps15 homologues (CPY route); AP-3 complex, vps39 homologues (ALP route)). Moreover, we have observed in A. niger intracellular retention of the otherwise secreted glucoamylase when the native GLA signal peptide was replaced by the vacuolar protease pepE prepropeptide (P. J. Punt, unpublished) , whose yeast homologue, pep4, is known to carry vacuolar targeting information (Klionsky et al., 1988) . Furthermore, in addition to specific vacuolar targeting, it is known in yeast that some heterologous proteins are directed and degraded in the vacuole without the presence of known vacuolar targeting signals (Hong et al., 1996; Inoue et al., 1997) . In these cases, vacuolar targeting possibly relies on the recognition of extended secondary structures that may be present in misfolded proteins (Conibear and Stevens, 1998) . However, to what degree vacuolar degradation hampers heterologous protein production in fungi is unknown.
MOLECULAR GENETIC MODIFICATION OF THE SECRETION PATHWAY FOR IMPROVEMENT OF HETEROLOGOUS PROTEIN PRODUCTION
In view of the secretion potential of the fungal cell and the many analogies among the secretory machinery of filamentous fungi, yeasts, and higher eukaryotes, the often low production yields obtained for heterologous proteins when the fungal production system is employed pose an intriguing problem. Analysis of limiting factors that could be responsible for this phenomenon has shown that transcription of the heterologous genes and mRNA steady state levels are mostly satisfactory, suggesting that bottlenecks are present mainly at the posttranscriptional stage, possibly along the secretion pathway (Gouka et al., 1997) . Different genetic approaches have been used to analyze and alleviate these putative blockages, with the aim of increasing the production yields of heterologous proteins.
Signal Sequences
The N-terminal signal peptides are responsible for introducing secretory proteins into the secretion pathway. For the production of heterologous proteins, signal peptides from well-secreted homologous proteins are often fused to the mature recombinant protein to direct its secretion (van den Hondel et al., 1991) . When the heterologous protein is extracellular per se, the endogenous signal sequence can be used to target secretion. It is generally believed that signal sequences do not account for major differences in the production yields of the recombinant proteins that they precede, although not many studies in which this issue has been addressed in detail are available. The level of the F. solani pisi cutinase produced in A. awamori was not greatly affected by the replacement of the cutinase presequence by the leader peptide of the endogenous Aspergillus endoxylanase (van Gemeren et al., 1996) . In contrast, the extracellular level of the A. restrictus restrictocin produced in both A. nidulans and A. niger was significantly higher when the restrictocin, rather than the glucoamylase signal sequence, was used (Brandhorst and Kenealy, 1995) . Furthermore, not only signal peptides but also prosequences may play a role in secretion efficiency. Prosequences are normally removed at a late stage in the secretion pathway and perform functions such as organelle targeting (Bening et al., 1998; Klionsky et al., 1988) and protein folding (Eder and Fersht, 1995; Wiederanders, 2000) . Hence, in their work with restrictocin, Brandhorst and Kenealy (1995) also observed a markedly positive effect of the restrictocin prosequence on the secretion of this protein. However, addition of the glucoamylase prosequence at the N-terminus of cutinase (van Gemeren et al., 1996) and chymosin (van Hartingsveldt et al., 1990) reduced the secretion levels of these two heterologous proteins in Aspergillus.
Translational Fusions
The production yields of heterologous proteins can be improved by expression as translational fusions with an efficiently secreted homologous protein (reviewed by Gouka et al., 1997) . To date, this approach is probably the most successful modification to increase heterologous protein production. Although the molecular background behind the fusion strategy has not been fully elucidated, experimental data indicate that translational fusions alleviate (post)translational limitations in the production of the heterologous protein, for example by facilitating translocation and protein folding (see also below).
As a variation of the fusion strategy one can consider the use of synthetic leaders such as those developed by Kjeldsen et al. (1997) to improve insulin secretion in S. cerevisiae. These synthetic leaders featured additional N-glycosylation sites and potential BiP-binding sites and were shown to prolong retention of the insulin precursor in the ER, thereby presumably providing additional time for correct folding of the heterologous protein. Moreover, the sole engineering of additional N-glycosylation sites in the preproinsulin sequence resulted in a significant increase in insulin secretion both in A. niger (Mestric et al., 1996) and in yeast (Kjeldsen et al., 1998) . Similar results have been obtained with prochymosin in A. awamori (Ward, 1989) and hydrophobic cutinase in S. cerevisiae (Sagt, 2000) . In this last work Sagt et al. (2000) also showed that the introduction of N-terminal rather than C-terminal glycosylation improved protein secretion and that N-terminal glycosylated hydrophobic cutinase mutants did not aggregate in the ER, whereas the C-terminal glycosylated and not engineered cutinase variants did. These results suggest that additional N-terminal glycosylation increases the solubility of the engineered proteins in the ER, whereby protein folding could be favored and secretion could be increased. Alternatively, the site of introduced glycosylation may change the choice of binding chaperone (see above), thus influencing aggregation and proper folding. Finally, it should be noticed that most translational fusions used also provide N-terminal glycosylation, which could (partially) explain the success of the fusion strategy.
Glycosylation
The capacity of the glycosylation machinery and the specific glycosylation requirements that heterologous proteins may have might also be of importance for the production of these proteins, although no experimental evidence of this is available so far. Kruszewska et al. (1999) showed that overexpression in T. reesei of the S. cerevisiae mannosylphosphodolichol synthase encoding gene, required for glycan synthesis, resulted in an increased level of secreted cellobiohydrolase, suggesting that glycosylation may limit the overproduction of glycoproteins. However, Wallis and colleagues (1999) concluded the opposite when they found a similar glycosylation pattern in the glucoamylase produced by an A. niger overproducting strain and the wild-type strain. Although at first glance contradictory, both research lines did observe a positive correlation between enzymatic glycosylation activities and protein secretion, indicating that in fungi protein overproduction requires a concomitant increase of the glycosylation capacity of the secretion machinery.
Modifying the Levels of Chaperones
Molecular chaperones promote protein folding and maturation. Moreover, when correct protein folding is impaired, association of the unfolded polypeptides with chaperones and/or foldases and induction of the expression of the genes encoding the corresponding chaperones/ foldases are commonly observed. These cellular responses are also frequently observed in heterologous protein expression studies. It has been argued that in a heterologous system, proteins may encounter folding restrictions that limit their production efficiency and that this problem can possibly be overcome by provision of the cell with an increased level of the helper proteins. Bearing this idea in mind, the effect of chaperone levels on heterologous protein production has been assessed for a number of systems (Table 2) . However, results are far from conclusive and frequently even seem contradictory.
Dorner and colleagues studied the effect of modified BiP levels on the secretion of recombinant proteins in mammalian CHO cell lines. They observed that BiP overexpression had a negative effect on the secretion levels of some proteins (Dorner et al., 1992) and, conversely, that reduced BiP levels resulted in an increased secretion of recombinant proteins (Dorner et al., 1988) . In contrast, Shusta et al. (1998) found a positive effect of KAR2 (BiP) overexpression on the secretion titers of five single-chain antibody fragments (scFvs) produced in S. cerevisiae. Similarly, Harmsen et al. (1996) measured a 20-fold increase in the amount of extracellular prochymosin when the KAR2 gene was overexpressed in S. cerevisiae. Curiously, the secretion levels of another heterologous protein, the plant thaumatin, remained unchanged upon KAR2 overexpression (Harmsen et al., 1996) . Robinson et al. (1996) The three chaperones interact, but when overexpressed, no effect on secretion levels Choukhi et al., 1998 BiP Calnexin Calreticulin Erp57
Myc-SERT Baculovirus Increased production with CNX, less with BiP and CLT; Erp57 no effect Tate et al., 1999 found that reduction of kar2p levels diminished the production of three heterologous proteins in S. cerevisiae, but increased cellular BiP levels did not result in the opposite phenotype. In another study, these authors showed that constitutive overexpression of heterologous proteins reduced the levels of extractable kar2p and PDI and that KAR2 overexpression could increase soluble cellular kar2p levels in wild-type strains but not in strains overproducing heterologous proteins (Robinson and Wittrup, 1995) . bip overexpression in the Baculovirus system led to increased levels of functional and soluble antibodies in cell lysates, although extracellular levels remained unchanged (Hsu et al., 1994) . In our laboratory, we have studied the effect of bipA overexpression on heterologous protein secretion in two recombinant strains expressing glucoamylase (glaA) fusion genes. Although the final amount of secreted recombinant proteins did not change significantly in strains with extra copies of the bipA gene, increased levels of unprocessed fusion protein were detected in the total protein extracts of these strains, indicating a role of BiP in the maturation of the fusion proteins . Similarly, the effect of overproduction of foldases on the expression of heterologous proteins has been addressed, mainly in yeast and especially for proteins in which disulfide bridge formation was assumed to play an important role. In S. cerevisiae, PDI overexpression has proven to increase the secretion levels of heterologous proteins such as the human platelet-derived growth factor B homodimer (PDGF), the S. pombe acid-phosphatase (Robinson et al., 1994) , antistasin (Schultz et al., 1994) , and human lysozyme (h-LZM) (Hayano et al., 1995) . However, although expression of antisense PDIA in A. niger reduced the levels of secreted glucoamylase (Ngiam et al., 2000) , overexpression of this foldase or of the PDI-related prpA had no effect on the secretion of the homologous and heterologous proteins analyzed. Similarly, overexpression of the cyclophilin gene cypB, the transcription of which was already increased in a human tissue plasminogen activator (t-PA)-producing A. niger strain, had no effect on the secreted levels of this heterologous protein (Derkx, 2000) .
With regard to ER lectins, in insect cells both calnexin and calreticulin overexpression led to enhanced production of the tagged serotonin transporter (myc-SERT), an N-glycosylated membrane protein (Tate et al., 1999) . In contrast, a similar approach in mammalian cells had no effect on the titers of two hepatitis C virus (HCV) envelope proteins (Choukhi et al., 1998) .
As results obtained with the various approaches are diverse and often disparate, general rules are difficult to formulate. However, it seems unlikely that fundamental differences exist in the function of the helper proteins in the organisms analyzed. More likely we observe the consequence of the multiple cellular functions in which chaperones are involved and the different nature of the secreted proteins studied. As already mentioned, BiP participates in processes such as protein translocation, polypeptide solubilization, protein folding, quality control, retrograde transport, and degradation. Foldases may not only serve as catalysts but also have chaperone functions; lectins act in folding and quality control. In addition, all these helper proteins may have other as yet unknown functions. The extent to which each of these functions contributes to the efficient secretion of a certain protein may be protein specific, and this may lead to different responses when the intracellular levels of the helper proteins are altered.
Furthermore, as already mentioned, one should be aware of the complexity of the molecular interactions behind the process of protein folding and of the consequences that this may have when manipulating strains for biotechnological applications. For example, we have seen opposite effects of bipA and calnexin (clxA) overexpression on the production of a fungal hemoperoxidase (MnP) in A. niger. Although both chaperones showed similar induction patterns in a MnP-producing strain, bipA overexpression seriously reduced MnP production, whereas clxA overexpression resulted in a fivefold increase. However, when additional heme was provided to the growth medium of these strains to improve MnP production, this positive effect of clxA overexpression was no longer visible and MnP extracellular levels were even slightly reduced. In contrast, in the bipA-overexpressing strain, MnP production was enhanced after home addition (A. Conesa et al., unpublished) .
ANALYSIS OF VESICULAR TRAFFICKING: A SYSTEMATIC APPROACH
Although manipulation of the ER environment has in some cases resulted in improved heterologous protein secretion, these approaches have not been able to resolve basic questions on the fate of heterologous proteins along the secretion pathway. This issue could possibly be better addressed by systematic analysis of protein trafficking along the secretion route. In yeast and mammalian cells, many studies have been done on the molecular constituents of protein transport along the secretory pathway. Key components of cellular protein trafficking are small GTPbinding proteins of the Ras superfamily. These proteins can be divided into two groups: the ARF/SAR subfamily, involved in the formation of carrier vesicles from the donor organelle and in the preparation of vesicles for fusion with the acceptor organelle, and the SEC4/YPT/ RAB subfamily, which is required for vesicle targeting and/or fusion [for reviews see Novick and Brennwald (1993) and Lazar et al. (1997) ]. Small GTPases, also referred to as molecular switches, perform their function by cycling between GTP-bound (active and membrane-associated) and GDP-bound (inactive and soluble) states. In this cycle they are assisted by effector proteins such as guanine nucleotide exchange factors, which catalyze GDP/ GTP exchange, and GTPase-activating proteins, which accelerate GTP hydrolysis. A hallmark of these small GTPases is their specific subcellular distribution. Each GTPase is found at a particular stage of the membrane transport pathway, where they operate in a specific and directional way. This property makes them ideal targets for studies on the secretion pathway. By impairment of the function of a certain GTPase, the secretion pathway can be halted at a specific stage, and this blockade can be used to identify bottlenecks occurring during the secretion of heterologous proteins.
A large number of transport GTPases has been identified and their genes have been cloned from yeast and higher eukaryotes, and, in many cases, the transport step in which they participate has been elucidated (Table 3) . In our laboratory, heterologous hybridization and PCR-based cloning approaches have led to the identification of seven putative secretion-related GTPase-encoding genes (sarA, srgA-F) from the filamentous fungus A. niger (Table 3 and Fig. 1) . Although still at an early stage, functional analysis of these fungal proteins has again revealed similarities and differences with respect to yeast.
The SAR1 homologues of A. niger and T. reesei were the first fungal vesicular GTPases to be characterized (Veldhuisen et al., 1997) . In yeast and higher eukaryotes, Sar1p is an essential protein involved in budding and docking of COPII vesicles, which transport cargo from the ER to the Golgi apparatus. In the two filamentous fungus species studied, the sarA gene is essential, and complementation and mutational analysis indicated a function of the gene product similar to that of the yeast counterpart.
All other cloned srgs are putative members of the RAB/ YPT/SEC4 family. The srgA gene is most homologous to the yeast sec4, whose gene product is involved in vesicle transport from the Golgi apparatus to the plasma membrane. However, whether srgA and sec4 are also functional homologues is not clear. srgA was shown to be nonessential in A. niger, whereas in S. cerevisiae the sec4 null mutant is not viable. Furthermore, the A. niger srgA failed to complement a sec4 S. cerevisiae strain (Punt et al., 2001) . Nonetheless, A. niger srgA strains did show temperature-dependent secretion and morphological differences compared with wild-type strains, suggesting a role of this GTPase in protein secretion in A. niger (P. J. Punt et al., 2001) .
The Ypt6p and Ypt7p in S. cerevisiae are dispensable proteins involved in vacuolar targeting. YPT6 and YPT7 deletion mutants in yeast show secretion of proteins oth- erwise located in the vacuole (Tsukada and Gallwitz, 1996) . This property could be used to improve the secretion of heterologous proteins subjected to vacuolar degradation. Whether the cloned A. niger homologues, srgC and srgF (P. J. Punt et al., 2001; R. Montijn et al., unpublished) , have similar functions remains to be established. Preliminary analysis of srgC disruption mutants showed an abnormal hyphal phenotype and temperature-sensitive growth (R. Montijn et al., unpublished) . Other cloned fungal GTPases include the ypt1 homologues of N. crassa (Heintz et al., 1992) and T. reesei and A. niger var. awamori (Saloheimo et al., 2000) .
CONCLUSIONS AND FUTURE PROSPECTS
Research efforts have increased our specific knowledge of secretion in filamentous fungi, identifying similarities with and differences from the secretory pathways of yeast and other eukaryotes. This knowledge has been exploited to improve the biotechnological use of the fungal cell as a cell factory for protein synthesis. Bottlenecks for (heterologous) protein overproduction have been identified and clues for strain improvement have arisen from approaches to manipulate molecular components of the secretion pathway. However, at this stage, further research will require new tools and more rational approaches. The isolation of secretion-related GTPases would allow the generation of specific blockages at different stages of protein secretion and facilitate the systematic study of the successive steps in the fungal secretory pathway. Furthermore, the new overall-and high-throughput technologies (genome sequencing, transcriptomics, proteomics, etc.) must and will be the tools with which to study the fungal secretion pathway in the near future. In S. cerevisiae, such approaches have proven to be powerful in the identification of multiple secretion-associated molecular responses and interactions (Sagt, 2000; Travers et al., 2000) , and initiatives in this direction are now emerging at several fungal laboratories. To analyze and evaluate the enormous amount of data that arise from these studies is the challenge that the fungal biologist will face in the near future.
